




OF THE S A W m - S A N  JOAQUW DELTA IFI CAJXlQRlVIA . 
by 

R. X. Glover, D. J. Hebert, andL C. R. Dam 

The Delta area i n  C a l i f o r n i a  i s  a roughly trianguJsr t r a c t  

of land lying j u s t  t o  the eas t  of S U s m  Bey. This area, which 

extends f o r  a distance of about 50 rriles north and south and has a 

maximum width of about 25 miles, was o r i g i e  a marsh wlth a network 

of channels threading through it. A t  the present - the ,  %Is area i s  

agricultr\ral land which has been reclaimed by constructing dikes along 

the old channels t o  Inclose areas which caa be pamped out and farmed. 

The ]Delta l a  travursed by the Sacramento Rimr which enters 

it from the north, by the San-Joaquin whioh cagaes into it from the 

south, and by tho North and South Forkg of the M o k e l m  River which 

came i n  fran the east. The old network of channels, which has been 

effectively peserved and stabilized by the process of reclamation, 

s t i l l  carr ies  the flow of these streams through the Delta. 

Tides ccaning into San Francisco Bay f'raon +he Pacific Ocean 

propegate themselves throu@gh Suleun Bay and in to  the Delta channels. 

Si&s the tidal. owrents  generdly  exceed the cumeats due t o  stream 

flow, the direction of flow i n  tbe channels are periodically revereed 

and a meohmlam i s  provided for p r o m a t i c n  of ooeem salinltr into them. 

The salinity encroachment is held i n  cheak by etream flow which tends 

t o  flush the sal ini ty out of the channels. In timss of flood the 

e d i n i t y  i s  'driven back but i n  times of low stream flow the  tidal ebb 



of sa l i a i ty  I s  a matter of concern t o  the framers of the Delta laado 

because the g~ol3nd smface of these reclaimed lands or "islsn8e" is 

C O I I R T L O ~ ~ ~  below oea level so tha t  the gradients me  such as to carry 

water From the channels into the Islands. Construction of the Shasta 

Reservoir on the upper Sacramsnto River ha8 made a water aupply avail- 

able which is deslred for use on soms of the lands i n  the San Joaquin 

Valley across the Delta. To supply t h i s  demand the Tracy Pqplng Plant 

w i l l  lift water out ~f the Delta channels a t  ths  south end of the Delta 

and the water Lo supply these pmps must be brought acroes the Delta 

through it channels. 

The problem t o  be soltred I s  then how t o  b r l q  the Sacramento 

water across ths Delta to  the San Joaquin side without u p s e t t i ~ g  the 

balance of forces which now hoUs the sa l in i ty  i n  check. 

Reasons for Use of an Analog 

One of the f i r s t  methods of a t t ack lw t i e  problem was by t 

mans of an  hydraulic model. The channels of tBis model were repro- 

duced t o  a scale of 1:4800 horizontal ax?? 1:100 vmtical .  A t i d e  

generating apparatus an8 means for introducing stream f l a w  were provided. 

Provision was also made f o r  extractions t o  represent diversions for 

use on the Delta Icuzds. Pjes were introduced t o  represent sal ini ty.  

Flow patterns i n  the Belta were extensively studied with th ia  model 

both for his tor ic  conditions and fo r  the anticipated condltionrr as 

al tered by pumping. It a lso  provided a mans for  tes t ing  analytical 

procedures fo r  estimating Salinity propegation. After these reeu l t s  

were obtained, the model had served i t s  purpoees and was dis~nantled. 



increase the transfer of water f r a t h e  Sacramento t o  the Ban Joaquin 

channels i n  order t o  replenish the water supply of the sou%hern p m t  

of the Delta anB thereby m i n t a l n  a proper balance of flow. Studies 

of the poss ib i l i t ies  of a r t i f i c i a l  chRnnsls connecting the Sacrsrmento 

and Mokellpnne channels t o  Increase the transfer were carried out 

analytically using the Hardy Cross procedure for determlnlng the 

division of flow and the methods p~eviously establiehed with the aid 

of the model for estimating sa l in i ty  intrusion. A tidal phase 

difference existed at o w  of the s i t e s  which could be u t l l ized  t o  

increase the transfer.  Since gates would be neceesary i n  any case 

for  protectlon during floods, it would  be possible t o  open the sates 

when the tidal c m e n t s  were favorable and t o  close them when they were 

adverse. An aaalyt ical  approach t o  t h i s  problem based on wave propa- 

gation formulas proved t o  be very d i f f icul t ,  and while some of these 

computations were actually made, the process proved t o  be so laborious 

as t o  make it desirable t o  search for  some other method of solution. 

T '  electronic analog computer b u i l t  t o  expedite these 

computations not only w a s  successful for t h i s  purpose but gave also 

a more rapid means of studying flow dZstribution i n  the Delta and a 

means fo r  evaluating the effect  of tidal c w e n t s  on the effective 

flow resistance of the Delta channels. The appearance of the ocmpleted 

analog i e  shown i n  F i g m  1. 

Andog Requirements 

In order t o  solve the Delta problem, it i s  r e q w e d  a t  

the analog be able to reproduce the square l a w  re la t ion  betmen f r i c t ion  



it i s  required t o  repreeent the wave motion aseoclated wlth the 

tides. To do th i s ,  the fac tms  of ine r t i a  and of s t o r m  due t o  water 

letvel changes m u s t  be aocounted for. The factors  rrphoyedl in this 

axlalog t o  represent the hydraulic factors  ere show i n  Table 1. 

Table 1 

Quantity of flow Current 
Water surface elevatione Voltdlge 
Iner t ia  Inductance 
Storage Capaclty 
'E'rictional dreg Resistance 
Tlme Time 

Description of the Analog 

The analog is designed on the basis of clrcu3ts of the type 

shown i n  Figure 2. . 
The inductances are air-cored coi l s  which are e i ther  of 

canmrcial  t y p e s  ar were wound a s  required. The condensers are 

commercial u n i t s  of the paper or mica type. In the Large charme18, 

having very low f r i c t  l o n d  reslstanc6s, l inear  resis tors ,  having 

appropriate average values for the owrents  fLowIn& were used. In 

sane of the maUer  c ~ l s ,  however, it was necessary t o  use s a t 3  

type of squere-krw resis tor .  !Ibis was obtalned by talclog advanh@ 

of certain vacuum tubs characteristics which have appraimately the 

the requlred form of nnia t ion .  Thew were used v l th  r e s i s to r s  $n 

par&el and i n  ser ies  t o  obtain the deslrsd characteristic.  A 

4 



used i n  such cases is shown i n  Figure 3. 

A t a e  w i t h  two elemsnts is  used t o  pcmuit o w e n t  t o  flow 

In ei ther  dtlrection. !Chis t y p  of res is tor  is  rrot who- satisfactcmy 

since the tubes show differaaces which maks it necessary t o  addust 

each one separately. The cr~prent carrying capacity is res t r ic ted  

within n a r r o w  limite, And It i s  necessary, therefare, t o  des- the  

analog around these elements. Net current flows were read an d-c 

millianrmeters. Tidel smplltudes and phase diff.'erencee m e  read on a 

cothode-rcq osclUoscope. gate keeper was represents& by a rec t i -  

f i e r  circuit using a 6N7 type tube. This also had some short cambgs 

near 'the zero point which introdwed an effect  analogous t o  gate leakage. 

In spite of these minor d i f f icul t ies ,  .the analog operates i n  a vary 

satiefactary manner. Sane idea of the speed with which the analog 

wwks may be obtained frcan the f a c t  tha t  the anal* runs through about 
I 

500 days of actual. t idal chaeges In. each second of operating tims. 

Bas i c  - &luatlons 

In set t ing up the correlation equations, the e lec t r i ca l  

c l rcul t s  tmre, assumed t o  have the i r  iductancu anb capacity uniformly 

distributed slow the i r  length. In practice, them elements eMd the 

i square l a w  resistance were l q e d .  I'he insrtlla and storege f a c t a s  

I *  were considered together, and the resistances were coneidered 

separatelg. For purposes of explanation, t i e  f oUowillg notation 

KilL be wed: 

In the hydraulic channel l e t ;  



t h i  depth of the stream 
the l e w h  of a channel 
a constant applyiw t o  a channel specifylag i t s  flow 

resietmce 
the flow 
time 
the width of the stream at the surface 
distance along a stream 
the surf ace elevation above sea level  
weight of water per unlt of volume 

A longitudinal section of a stream channel i s  &own 1x1 

F*ure 4. The shaded element represents a lamina of wldth W, depth 

H, and length dx. For analytical purposes the actual channel is as- 

similated t o  a Worn rectangular channel which has the same top 

width and oross sectionel area as the actual channel. AB stated pre- 

viously, f r ic t ional  forces are not introduced in to  the dynamical 

equations, but are treated separately. Since x represenke a dis-  

tance measured along the stream f'rm some fixed point on the bank, the 

p-s defined by x atxi x 1 ~IX do not c- position with tims. 

It i s  a~sumed %hat y i s  compared t o  H,, 

The continuity coadition require8 tha t  i f  the quaa1;itiea 

of water flowitlg through the planes x ad. x { dx dlfYer, then the 

swface elevation n u t  r i s e  or fall as required t o  aooonsnodate the 

c h w s  of volume. Xf ama l l  quaatit ies are asgleoteb, t h i s  requlm- 

b y  
If a surface p a d l e n t  i s  present, the 'water depth on o w  si8e of 

6 
tho hnlna wi l l  be greater than on the other by the amount bs 

and the additiontaL yresewe due t o  t h i s  head ~ e x . 8 n t i d  ~13.5 oause 



of Newton' e l a w  are  eweseed  to  a first OOdBr of approximation by: 

17hese two equatiow can be siarpllfied by cancelliw common term aab 

collecting. Then tho equation of continuity i s  

and Newton's law ttlkee ths fann 

It is of Interest t o  cote that  if Q I s  eUmiaated *am the two 

equations above, o m  obtains the wave equation 

The relation between flow and gradlea* for the hydraulic -1 can 

be expreeeea in the fa~m 
e = n d g  

vhlch may be recognized as a form of the Chezy formula. 

In the electrical. circuits l e t  

C represent the capacity per unit lerrgS3 of c b c u i t  
E the potential with respect t o  ground 
I current 
K a copstant applying t o  a circuit  
r resistance per Wt length of circuit  
7 t b l B  i n  the analog 
A inductance per unit length of c9rcult 
5 dlstaace alw a circuit 



which correspond t o  equatioul. (1) td. YP)  for the hytkaulic chmwls 

are: 

A.m which there is obtaimb an ellmlnRtion of I 

For the c i rcui t s  provided w i t h  an electronic r e s i s to r  far 

representation of hydraulic reeletaaces of the type expreseeb by 

equation (4) 

or If the c i rcui t  has a liulsar reaietance 

Correlation EQuatlans 

The ekectronlc analog operates at a freqWncy of 1,000 

cycles per second. The sinusoidal miatiaas imposed on the anaAog 

approximately represent t l d a l  osci l lat ians hav- a f'reqWncy of 

+See, for exanple, "The Theory of SoUmI" by Lard Reyle-, 
volume 1, Para&raph 23%, page 467. llhg equations (5) anl (6) can be 
obt-d Frcnn Rayleigh's equation 1 by letting R = 0,K = 0. In this 
form they are (L simpllfled version of Heaviaib'&t equation8 far a 
l ine.  



suitable for use with the avaUable elec t r ica l  ocimponents are; 

Other applications would, of course, requlre other constante 

An analogous e lec t r i ca l  quantity is ob.t;aiwd by substituting the above 

relat ions into the hydraulic equations: f o r  example, equation (4) I s  

which on substitution becamss 

M 
Then the quantity K value t o  w e  in the equation (8) 

By t h i s  choice of canstants the e lec t r i ca l  c i rcui t  is given resistance 

characteristics which are analogous t o  the hydraulic A. lc t im in  the  

corresponillng actual channel. The ather relatione are t reated I n  a 

s3lnaar way. 

To account for the  stream flow it was tlecessary t o  introduce 

dlrect  currents of specified smolllats at certain polnts i n  the awibg 

and t o  take them out at certain other points. In general the currents 



while clments  leaving the network represent the draft of the *acy 

pmps and the flow f r a m  the Delta axea into Suisun Bay. To introduce 

these currents, voltages of controUsble mgnltude =re introduced 

between the network and the ground wire (see Figme 2). Control of 

the currents !?as obtained by variable r e s i s t s r s  located at the points 

&ere the currents enter and leave the network. 

The t ides  were represented by alternating pol-es of 

specified magnitude applied between the network and the ground wlre 

at the point on the analog representing the entrance t o  SuisunBay. 

A blocking condenser was used here t o  prevent the flow of direct  

current. The actual t ides  occurring at th io  point vary somewhat frm 

day t o  day due t o  varylng phase relat ions between the 1- and solar 

components. In the analog theso t idal  variations were replaced by a 

siagle sinusoidal vmlat ion of average amplitude. The connections 

ar?.an(ged fox introducigg the direct  currents representiw stream 

flow would permlt the a l t e rmat i~g  c m e n t s  representing the t ides  t o  

pass into the wound w i r e  a t  other points than tha t  representing the 

entrance t o  Suisun Bay. Since t h i s  would introduce er rors  inductive 

blocking impedences were introduced into the direct  c m e n t  c i rcui t  

wherever necessary t o  confine the alternatigg currents t o  the proper 

network circui ts .  Where stream channels continued beyond the area 

represented by the analog, lumped lmpedences were introduced t o  repre- 

sent *;hose portions beyond the analog area. In most case8 these were 

detenninsd by trial so that  known t idal behvlor  muld be properly 

represented. 








